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Abstract
Ground deformation has been demonstrated to be one of the most common signals of
volcanic unrest. A variety of processes can cause ground deformation in active volcanic
areas (e.g. magmatic processes, pore pressure variations in the hydrothermal systems, etc),
and being able to recognize and distinguish them is crucial for evaluating the potential
occurrence of future eruptions. Ground deformation can be measured using remote
sensing or geodetic techniques like GPS or tiltmeters. However, even if geodetic monitoring
networks may be capable of recording the ground deformation signal at surface, it is difficult
to directly identify where and how are the pressure sources responsible for the observed
deformation. Deception Island is the most active volcano in the South Shetland Islands,
which last destructive events took place in 1967, 169 and 1970. Since the installation of
the monitoring network in the island, it has experienced three uplift/downlift episodes,
where ground deformation has been measured with GPS stations. .
The objective of this work is to evaluate the location, shape, pressure source responsible for
surface ground deformation recorded in Deception Island during the period 1995 - 2000
using Finite Elements (FE) linear elastic models. First, we have considered a 2D model
where we have studied the effect of the different parameters in ground deformation. Second,
3D models simulating the real topography of Deception Island have been considered. The
results of the 3D models are compared with the GPS data registered in some points of the
island to approximate the shape, depth, excess pressure of the reservoir. Results obtained
are crucial to understand the current magmatic situation of the island and the potential
outcome of a future eruption.
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1INTRODUCTION
Surface ground deformation has been demonstrated to be one of the most common signals
of volcanic unrest (i.e. deviation from the background behavior of a volcano towards
a level of activity, which is cause for concern in the short-term, hours to few months,
because it might be a prelude to an eruption). A variety of processes can cause ground
deformation in active volcanic areas (e.g. magmatic processes, pore pressure variations in
the hydrothermal systems, etc), and being able to recognize and distinguish them is crucial
for evaluating the potential occurrence of future eruptions. Ground deformation can be
measured using remote sensing or geodetic techniques like GPS or tiltmeters. However,
even if geodetic monitoring networks may be capable of recording the ground deformation
signal at surface, it is difficult to directly identify where and how are the pressure sources
responsible for the observed deformation.
During decades, analytical models have been used as a first approach to understand the
link between the measured ground deformation signals and the related pressure source
at depth. These models are able to consider single pressure sources, such as individual
punctual (e.g Mogi 1958), spherical (e.g. McTigue 1987), ellipsoidal (e.g. McTigue and
Segall 1988) or dike-like (e.g. Okada 1985) ones, in a homogeneous or simple layered
media under the assumption of different rock rheologies (e.g., elasticity, viscoelasticity)(e.g.
Rundle 1980 , 1982). Most analytical models assume the Earth’s surface as flat. However,
in the recent years, it has been confirmed that this approximation may lead to important
misinterpretations of the recorded surface deformation data (e.g., Cayol and Cornet 1998;
Trasatti et al. 2003; Lungarini et al. 2005). Two separate approaches have been traditionally
followed to account for this topographic effect: (1) the modification of existent analytical
expressions (e.g., Williams and Wadge 1998, 2000) and (2) the elaboration of forward
finite elements FE or boundary elements BE models to evaluate, in more detail, the effect of
some topographic features such as the edifice height or slope. In the latter case, topography
has been integrated either as simple geometries (e.g., Cayol and Cornet 1998; Folch et
al. 2000) or real topographies based on data from Digital Elevation Models (DEM) (e.g.,
Lungarini et al. 2005; Meo et al. 2008).
Deception Island, located at the spreading centre of the Bransfield Strait marginal basin,
is the most active volcano in the South Shetland Islands group (Antarctica) (Fig. 1.1). It
is a horeshoe shaped island providing a natural harbor (Port Foster) for shipping since it
was discovered in 1820. Nowadays, touristic and scientific activity is of relevance during
the austral summer and other scientific bases, located in neighboring islands, operate also
year-round. The most recent and well-documented eruptions took place in 1967, 1969 and
1970 destroyed, or severely damaged, the scientific bases operating on the island, mainly
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due to ash fall and mudflows (Smellie 2002). The unrest episodes occurred in 1992, 1999
and 2014-2015 (Vila et al. 1992, Ibañez et al. 2003, Almendros et al. 2015) demonstrate
that the volcanic system is still active and the occurrence of a future eruption should be
taken into account.
During the abovementioned unrest periods Deception Island also experienced ground
deformation, measured with five different GPS all distributed along the coast of Port Foster
Bay (Berrocoso et al. 2008, Prates et al. 2013). However, an attempt to understand the
source and location of the pressure source responsible for the recorded uplift has never
been done so far. Nonetheless, since Deception Island has been demonstrated to be a very
active volcano, and a cause of concern for the tourists and scientists visiting and operating
in the island, we consider necessary to study the recorded ground deformation and which
processes can cause it.
The objective of this work is to evaluate the location, shape, pressure source responsible for
surface ground deformation recorded in Deception Island during the period 1995 - 2000.
For this, we use Finite Element (FE) linear elastic models taking into account the effects of
the topography based on data from a 2×2 m and the different types of rocks composing the
island to account for distinctive physical properties. First, in order to evaluate how different
parameters, such as pressure source depth, shape, etc. may affect ground deformation, we
have carried out a series of 2D models. Second, we performed 3D FE models implementing
the real topography, trying to reproduce the island’s main stratigraphy and changing the
parameters that influence the ground deformation (i.e. shape, depth and location of the
pressure source), obtaining, in this way, a more realistic solution. Finally, results obtained
are compared to the real GPS data.
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(a)
(b)
Fig. 1.1: a) Location of South Shetland Islands and Deception Island. b) Deception Island map.
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2GEOLOGICAL CONTEXT AND
GROUND DEFORMATION DATA
Deception Island is located in the spreading center of the Bransfield Strait marginal basin,
is a back-arc basin of the South Shetland Islands volcanic arc formed as a consequence
of the Phoenix plate subduction under the Antarctic plate during the upper Mesozoic –
Cenozoic interval (Fig. 1.1). The Bransfield basin is defined by a spreading center with
which Deception, Penguin and Bridgeman islands and a number of submerged volcanic
vents are associated. Deception Island is located near the intersection between the tensional
axis of the Bransfield basin and the extension of the Hero Fracture Zone (Fig. 2.1)
Fig. 2.1: a) Simplified regional tectonic map and location of the South Shetland Islands (modified
from Ibañez et al.(2003)). HFZ Hero Fracture Zone, SFZ Shetland Fracture Zone. b)
Location of Deception Island (modified from Grad et al. 1992). c)Phoenix plate subduction
under the Antarctic plate
The construction of Deception Island (DI) has been described based on three main phases:
pre-, syn- and post-caldera (Marti et al. 2013, Smellie 2001). The first phase corresponds to
the construction of multiple coalesced shoaling seamounts and a subaerial volcanic shield
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represented by the Fumarole Bay and Basaltic Shield formations, respectively (Fig. 2.2a).
These were followed by eruption of syn-caldera deposits known as the Outer Coast Tuff
Formation (Fig. 2.2b), which buried the preceding geological formations to several tens of
metres depth and forms an almost continuous outcrop along the outer part of the island.
The age of the collapse event remains unclear due to the lack of geochronological data,
though recently published paleomagnetic data, in combination with tephra occurrences,
suggest that the caldera collapse took place at about 8,300 years BC (Olivia-Urcia et al.
2015). The caldera collapse episode occurred rapidly during or after a single eruptive event
and was entirely controlled by the numerous tectonic faults that already existed and that
facilitated the downward movement of the caldera blocks. The formation of the caldera
caused the destruction of the associated magma chamber, thus permitting the deeper
magmas that feed the post-caldera volcanism to re-ascend, mainly using as pathways the
same fractures and faults that controlled the caldera collapse. This situation has continued
until the present day and still controls the frequency and type of recent volcanism. The
post-caldera phase, consists of several tens of scattered eruptive vents across the whole
island, except one that is found along the structural borders of the caldera (Fig. 2.2d),
most of the latter corresponding to previous regional tectonic faults (Marti et al. 2013,
Smellie et al. 2002). The tephra 1 record from DI and neighbouring islands reveal over
30 post-caldera eruptions during the Holocene, although a considerably higher number of
eruptions are supposed to have occurred.(e.g. Orheim et al. 1972).
The island has experienced three uplift/downlift episodes, where ground deformation has
been measured with GPS stations. The first episode was registered between 1991-1992
and 1995-1996 with four GPS receivers around Deception Island: Pendulum Cove (PEND),
Whalers Bay (BALL), Fumarole Bay (FUMA) and the Argentinian base (BARG). For the
second (between 1995-1996 and 1999-2000) and the third (between 1999-2000 and
2001-2002) deformation episodes another GPS station was added in the Spanish base
"Gabriel de Catilla" (BEGC) (Fig.2.4 and Fig. 2.5). For the present study, we consider the
data of the second episode that reflects the uplift process experienced by the island during
1995-1996 and 1999-2000 (Fig.2.4 and Fig. 2.5), coinciding with the strong unrest period
of 1999 (Ibañez et al. 2003).
1Def. clastic volcanic material, as scoria, dust, etc., ejected during an eruption.
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(a)Pre - caldera phase (b)Syn - caldera phase. Sketch of the caldera
collapse and final pyroclastic flow de-
posits
(c)After caldera collapse (d)Post caldera phase
(e)Current stage
Fig. 2.2: Simplified sketch illustrating the formation of the Deception Island caldera Marti et al.
2013
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Fig. 2.3: Current stage of the island in xy plane view.
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Fig. 2.4: Radial displacements measured between the 1995-1996 and 1999-2000 campaigns
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Fig. 2.5: Vertical displacements measured between the 1995-1996 and 1999-2000 campaigns
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3METHODOLOGY
3.1 Theory and Equations
3.1.1 Linear Elasticity
Linear elasticity has been considered for all simulations, as is commonly accepted when
simulating geological processes that can be considered as "instantaneous" (few days or
years) at a geological time scale. The linear elasticity equation for a finite element method
is the following:
ε = 12
[
5u+ (5u)T
]
(3.1)
where ε is the infinitesimal strain tensor and u the displacement vector.
The constitutive equation for elastic materials comes from the Hooke’s law, which represents
the material behavior and relates the unknown stresses and strains
σ = C : ε (3.2)
where σ is the Cauchy stress tensor and C is the fourth order stiffness tensor.
3.2 Geometry, Mechanical Properties and Mesh
In the 3D FE linear elastic models the effects of the topography are considered using a
2× 2 m Digital Elevation Model (DEM). In Fig. 3.1 illustrates the DEM considered in the
3D models and also the section considered for 2D models.
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Fig. 3.1: DEM for 3D models and section for 2D models.
3.2.1 2D models
The simplified 2D model is a cross section of Deception Island showing some of the highest
and lowest points of the island. The highest point considered is at 482 meters in the right
side of the profile and the lower point is at -142 meters, in the center of the bay, (Fig. 3.2).
The 2D domain is defined as a 70 km width and 30 km high rectangle. A smaller rectangle,
16× 21 km, near the pressure source, is created to be able to assign a finer mesh size in
this part of the computational domain. We use a coarse mesh for the rest of the domain.
3.2 Geometry, Mechanical Properties and Mesh 11
Fig. 3.2: Domain considered for all the proposed 2D models.
To broadly account for the main stratigraphic units of the island as depicted by Marti et
al (2013) (Fig. 3.3), the upper part of the domain is divided in (Fig. 3.4): infill marine
sediments located in the interior of the bay, ignimbrites and Basaltic Shield Formation (BSF),
the latter formed mainly by lava flows and some other basement rocks. The mechanical
properties of the different layers, used both in the 2D and 3D simulations, are listed in Table
3.1. For the sake of simplicity, 2D models do not consider the presence of the pyroclastic
material. However, these is included in the 3D models.
Fig. 3.3: Schematic stratigraphy of Deception Island.
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Fig. 3.4: Profile detail of the domain and materials used for the models in 2D.
Tab. 3.1: Material properties of the different layers.
EBSF 60− 90 GPa
νBSF 0.25− 0.3
ρBSF 2700− 3200kg/m3
EIgnimbrite 25− 45 GPa
νIgnimbrite 0.23− 0.26
ρIgnimbrite 2300− 2700kg/m3
ESediments 5− 15 GPa
νSediments 0.23− 0.25
ρSediments 2000− 2500kg/m3
Epyroclastic 12 GPa
νpyroclastic 0.22
ρpyroclastic 2500kg/m3
Eglaciar 9 GPa
νglaciar 0.3
ρglaciar 920kg/m3
The Finite Element mesh is defined with quadratic triangular elements, default elements
in COMSOL Multiphysics. In 2D, the mesh consists of about 37,000 to 53,000 elements
(depending on the model). In the surface of the island a finer mesh is defined where the
maximum element size is of 75 m. In the 16× 21 km rectangle the maximum element size
is of 150 m and inside the magma chamber a mesh of 50 m as maximum element size
is considered. In the rest of the domain a coarse triangular mesh of 1500 m maximum
element size is considered (Fig. 3.5).
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Fig. 3.5: Mesh in 2D with triangular elements for the first computation.
Fig. 3.6: Statistics for the elements of the 2D models.
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3.2.2 3D models
The 3D models, with a more realistic geometry, consist of a 19 km wide, 21 km deep and
20 km high prismatic domain (Fig. 3.7). The 3D computational domain incorporates the
real topography of the island and a more realistic stratigraphy.
Fig. 3.7: Considered domain for the 3D models.
Following the schematic stratigraphy mentioned before (Fig. 3.3) and the material proper-
ties shown in Table 3.1 the proposed stratigraphy for the 3D models is illustrated in Fig.
3.8. In this models is considered the presence of pyroclastic materials.
The mesh is defined with quadratic tetrahedral elements. The mesh consist in 2.1 - 2.3
million elements. At the surface of the island, a finer mesh is defined using as maximum
element size elements of 250 m. Inside the magma chamber it has been defined as
maximum element size a mesh of 200 m. In the rest of the domain a coarse tetrahedral
mesh is of maximum element size of 2500 m is considered.
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(a)
(b)
Fig. 3.8: a) Surface materials in the 3D models. b) Inside materials in the 3D models.
Fig. 3.9: Statistics for the elements of the 3D models.
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(a)
(b)
Fig. 3.10: a) Mesh for the 3D models of Deception Island. b)Detail of the mesh in the surface of
Deception Island for the 3D models.
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3.3 Boundary Conditons and Gravitational loading
In order to include in the models the influence of topography and different material
densities, it is mandatory to incorporate the gravitational force. To take into account the
gravity in COMSOL Multiphysics two computations have to be done. The first step is
required to calculate the state of stress of the whole domain due to gravity loading. Then,
in the second step, we calculate the effects of the overpressure in the source. The same
solver and element type have been used in both computations.
In the first step, the pressure source is considered to be filled with a material equivalent to
its surroundings (i.e. BSF) and is initially assumed as in a state of mechanical equilibrium
with the host rock (Fig. 3.12). Whereas in the second computational step, the pressure
source is considered as a cavity, where a radially distributed pressure boundary condition
is applied in the walls to account for the overpressure (Fig. 3.13). As a consequence, for
the first computation the whole domain is meshed, including the interior of the pressure
source as illustrated in Fig.3.5 Whereas in the second computation, the pressure source is
considered as a cavity and is not meshed (Fig. 3.11).
Fig. 3.11: Mesh in 2D with triangular elements for the second computation.
Boundary conditions for both computational steps are (Fig. 3.12): i) fixed zero displace-
ment at the base, ii) roller conditions along the lateral walls (i.e. displacement allowed
only in the direction of the wall), and iii) pressure at the top surface to simulate sea water
loading.
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Fig. 3.12: Boundary conditions for the 2D model of Deception island
Fig. 3.13: Boundary conditions for the 2D model of Deception island
In the first step, the state of stress of the whole domain due to gravitational loading is
estimated by imposing on each element an internal body force per unit volume-ρg, where
ρ is the density of the material in that point of the domain where the element is located
and g is the gravitational acceleration. Once the gravitational body force is included in the
simulations, we obtain an overburden pressure of rock at any given depth in the medium
and the resultant state of stress.
σxx = σyy = hρgz σzz = ρgz (3.3)
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where h is the lateral stress coefficient, which is equal to 1 for a lithostatic stress state,
ν/(1− ν) for a uniaxial strain model with Poisson’s ratio ν, and 0 under the assumption of
unconstrained lateral deformation (Jaeger et al., 2007).
In the second step, the state of stress obtained in Eq.3.3 is assigned to the domain as initial
prestress. In this way, when considering the body load per unit volume of Fz = −ρg ,
the computational domain does not deform by the effect of the gravitational loading but
retains the state of stress due to the gravitational force.
As mentioned before, in the second step, the overpressure within the source perturbs this
initial stress state, giving rise to deformation. In order to be able to assign an overpessure
along the pressure source boundary , it is simulated now as a cavity in the computational
domain. To ensure initial equilibrium between the source and the surrounding rocks, we
apply surface tractions on the chamber surface that exactly counteract the background
stress given by Eq. 3.3 on the basis of the Euler-Cauchy principle (Truesdell and Toupin,
1960; Fung, 1965), which states that: "upon any surface (real or imaginary) that divides
the body, the action of one part of the body on the other is equivalent to the system of
distributed forces and couples on the surface dividing the body, and it is represented by a
stress vector T", defined on the surface as:
T = σ • n (3.4)
where σ is the stress tensor and n is the normal vector to the surface. The normal and
tangential components of the stress vector, T, are computed to apply to the pressure source
wall to bring the mechanical system into equilibrium.
The internal pressurization of the source is then simulated by assigning a pressure boundary
condition to the wall given by two terms:
P = Pst + ∆P (3.5)
where Pst is the depth-dependent normal component of the traction along the wall surface
and ∆P is the depth-independent overpressure, which could be produced by a variety of
processes and may be tens of MPa in magnitude (Jellinek and DePaolo, 2003; Karlstrom
et al., 2010). When ∆P is equal to zero, the magmatic source is in equilibrium with the
surrounding medium and no deformation or stress changes are generated.
3.4 Models
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3.4.1 2D models
To see the different effects of shape, position, pressure and materials on the observed
ground deformation due to a pressure source located at the center of the bay, we have run
12 different scenarios in 2D (Table 3.2). In all cases, the pressure source is simulated as an
ellipse of depth d below the sea level, and with a and b being the horizontal and vertical
semi-axes, respectively (Fig. 3.14a). To see the effect of the pressure source geometry
on the results obtained, four shapes are considered (Table 3.2). In the Reference model
an elliptic magma chamber is assumed. This shape is the one used to study the effect of
materials, depth and pressure. To study the effect of shape, it has been considered a circular
magma chambers and three different elliptical of different dimensions (Fig. 3.15).
In the Reference model we are considering that the island is formed from an homogeneous
material with E = 60 GPa, ν = 0.25 and ρ = 2700kg/m3, that corresponds to Basaltic
Shield Formation (BSF). However, since this is not a realistic scenario, we have taken
into account a simplified heterogeneous model where we have considered four distinctive
materials as illustrated in Fig. 3.4. Their mechanical properties are defined in Table 3.1.
(a)
(b)
Fig. 3.14: a)Parameters that define the 2D models. b)Dimensions of an ellipsoid
3.4 Models 21
Tab. 3.2: Parameters describing the different 2D models to analyze the effect that they have in the
ground deformation.
MODEL
a
[km]
b
[km]
c
[km]
d
[km]
∆P
[MPa]
Mat
Reference 2.75 0.8 2.75 7 10 Homo
Materials 2.5 0.8 2.75 7 10 Hete
Effect of materials
Elliptic MC 2.75 1.5 1.5 7 10 Hete
Spherical MC 1.82 1.82 1.82 7 10 Hete
Vertical MC 0.8 2.75 2.75 7 10 Hete
Effect of shape
5 km depth MC 2.75 0.8 2.75 5 10 Hete
10 km depth MC 2.75 0.8 2.75 10 10 Hete
Effect of depth
Materials 5 MPa 2.75 0.8 2.75 7 5 Hete
Materials 15 MPa 2.75 0.8 2.75 7 15 Hete
5 km and 5 MPa MC 2.75 0.8 2.75 5 5 Hete
5 km and 15 MPa MC 2.75 0.8 2.75 5 15 Hete
10 km and 5 MPa MC 2.75 0.8 2.75 10 5 Hete
10 km and 15 MPa MC 2.75 0.8 2.75 10 15 Hete
Effect of pressure
Fig. 3.15: Shapes of the different pressure sources used in the 2D simulations. a) Reference,
Materials, 5 km depth MC, 10 km depth MC, Materials 5 MPa, Materials 15 MPa, 5 km
and 5 MPa MC, 5 km and 15 MPa MC, 10 km and 5 MPa MC, 10 km and 15 MPa MC
models b) Elliptic MC model. c) Spherical MC model. d) Vertical MC model.
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3.4.2 3D models
Once the effect of the different parameters for the 2D models are studied, eight different
more realistic 3D simulations have been carried out with the final objective of reproducing
the displacements registered by GPS seen in Fig. 2.4 and Fig. 2.5. As it can be seen in Table
3.3, three shapes of pressure sources and three different depths have been considered. For
the 3D models, the effect of the position in x and y of the source has been also studied, and
the real topography has been considered.
Tab. 3.3: Parameters describing the different 3D models to reproduce the real situation. Position x
and y correspond to the UTM coordinates of the pressure source center.
MODEL
a
[km]
b
[km]
c
[km]
d
[km]
position_X position_y
∆P
[MPa]
Ellipsoid 2 3 1 5 6,21E+05 3.02E+06 5
Deep_Ellipsoid 2 3 1 6 6.21E+05 3.02E+06 5
Shallow_Ellipsoid 2 3 1 4 6.21E+05 3.02E+06 5
Ellipsoid_Telefone_ridge 2 3 1 5 6.19E+05 3.02E+06 5
Shallow_Spherical 1.8 1.8 1.8 4 6.21E+05 3.02E+06 5
Shallow_Small_Spherical 1 1 1 4 6.21E+05 3.02E+06 5
Shallow_Sill 2 3 0.5 5 6.21E+05 3.02E+06 5
Dike 0.8 4.5 1.5 5 6.195E+05 3.018E+06 5
In Fig. 3.16 it can be seen the location of the magma chamber in the x, y plane proposed
models. In Fig.3.17 the shape of the different magma chamber is shown. The Dike model is
located following a fault as it can be seen in Fig. 3.18.
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(a) (b)
(c) (d)
(e)
Fig. 3.16: Position in the xy plane of the a) Ellipsoid, Deep_Ellipsoid, Shallow_Ellipsoid and Shal-
low_Sill models. b) Ellipsoid_Telefone_ridge model. c) Shallow_Spherical model. d)
Shallow_Small_Spherical model. e) Dike model.
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Fig. 3.17: Shapes for a) Ellipsoid, Deep_Ellipsoid, Shallow_Ellipsoid and Ellipsoid_Telefone_ridge
models b) Shallow_Sill model. c) Shallow_Spherical model. d) Shallow_Small_Spherical
model. e) Dike model.
Fig. 3.18: The dashed line marks the fault that follows the Dike model.
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3.4.3 Solver
To solve the 2D linear elastic models COMSOL Multiphysics uses MUMPS (aMUltifrontal
Massively Parallel sparse direct Solver) direct solver as default. MUMPS is a direct solver
based on LU decomposition.
For the 3D linear elastic models COMSOL Multiphysics uses GMRES (Generalized Mini-
mal Residual method), is an iterative solver used to solve nonsymetric systems of linear
equations. When solving the systems of linear equations of a simulation, COMSOL will
automatically detect the best solver without requiring any user interaction. In this case the
number of iterations before restart is of 50 and a left preconditioning is been used in this
iterative solver.
The computational time, for the two steps, of each of the 2D models is around 45 seconds.
3D models need much more computational time and a machine with more capacity
(MacBook MacBook Pro (Retina, Mid 2015) 2.8 GHz Intel Core i7, 32 GB 1600 MHz
DDR3) has been used. The total computational time, considering the two steps, for the 3D
models is of 12 hours approximately for each of the proposed models.
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4RESULTS
4.1 2D Models
In the following sections we are going to study the effect of the parameters varied different
2D models on the resultant ground deformation (Table 3.2). We have considered the effect
of materials, shape, depth and pressure for the total, vertical and horizontal displacements
at the surface of the island.
Results are presented as a ratio showing how the results of different models vary compared
to the ones of the Reference model. To facilitate the interpretation of the results, the
topographic profile of the island is included (not to scale) when illustrating the results
of the different simulations. The pressure source, considered in Deception Island to be a
shallow magma chamber feeding the recent eruptions, is located at the center of the bay
(x = 6115m) coinciding with the lowest point of the island. The position of the magma
chamber center is indicated with a vertical dashed line in the graph.
Fig. 4.0 shows the displacements at the surface of the island obtained for the Reference
model. It can be seen that the maximum total (Fig. 4.1a) and vertical (Fig. 4.1b) displace-
ments take place near the projection at surface of the center of the magma chamber. At
this point, the horizontal displacements (Fig. 4.0a) are 0. We are applying an overpressure
inside the magma chamber this generates an uplift in the surface, as it can bee seen in the
results of the vertical displacement (4.1.1). The points of the surface will separated form
the magma chamber center axis generating horizontal displacements at the surface.
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Fig. 4.0: a) Total displacements b) Vertical displacements c) Horizontal displacements for the
Reference model.
4.1.1 Effect of materials
First, we would like to analyze the effect of the materials. We consider a homogeneous do-
main for the Reference model, only with BSF material, and compare it to the heterogeneous
Materials model. All material parameters are described in Table 3.1.
Total displacements
The Materials model has higher total displacements with respect to the Reference model
in all the evaluated points. Due to the fact that we are considering softer materials in the
center of the bay, the total displacements ratio is minimum there. At x = 6239.82m, near
the magma chamber center, the Materials total displacements is 1.1051 times higher than
ones of the Reference model. The total displacement ratio is maximum at x = 16100m
where the Materials total displacements is 1.1687 times highest compared to Reference
total displacements. It is interesting to notice that there is a relative maximum in the
total displacements ratio around the higher point of the considered topographic section of
Deception Island.
Vertical displacements
In Fig. 4.2 the effect of the materials in the vertical displacements ratio at the surface
of the island can be seen. The Materials models present higher vertical displacements at
surface until x = 13581.66m, where the Reference and the Materials model have the same
vertical displacements. Then the Materials models presents a reduction on the vertical
displacements respect to the Reference model.
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Fig. 4.1: Total displacements ratio to see the effect of materials in Deception Island.
The highest vertical displacements ratio takes place at x = 5780m, near the magma
chamber center, where the Materials model is 1.1063 times higher respect the Reference
model. The minimum vertical displacement ratio takes place at x = 16100m, right side,
where the Materials vertical displacements are reduced 0.97 times respect the Reference
vertical displacements.
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Fig. 4.2: Vertical displacements ratio at surface to see the effect of materials in Deception Island.
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Horizontal displacements
The effect of the materials in the horizontal displacements ratio is shown in Fig.4.3.
Horizontal displacements for both models are 0 around the center of the magma chamber.
As we are taking into account the horizontal displacements ratio, where we are dividing
the Materials displacements by the Reference displacements, this gives us a peak near the
center of the magma chamber. In Fig. 4.4 is shown a detail of the horizontal displacements.
The minimum horizontal displacement in Materials model takes place in x = 6147.86m and
for the Reference model the minimum horizontal displacements is in x = 6184.64m.
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Fig. 4.3: Horizontal displacements ratio at surface to see the effect of materials in Deception Island.
30 Chapter 4 Results
0.000
0.025
0.050
0.075
0.100
5500 6000 6500 7000
Distance in m
D
is
pl
ac
em
en
ts
 in
 m
Model
Reference 
Materials
Horizontal displacement  at surface
61
47
.8
6
61
84
.6
4
Fig. 4.4: Detail of the horizontal displacements at surface to see the effect of materials in Deception
Island near the center of the magma chamber.
4.1.2 Effect of shape
To see the effect of the shape of the magma chamber in the resultant ground deformation,
we have tested four different source geometries (Fig. 3.15). We have considered three
elliptic magma chambers and a circular one (Fig. 3.15). The pressure source in the model
Vertical MC is the same as in the Reference model but rotated 90º. All models consider
heterogeneous media, for that reason the Materials model is also included in the graphs for
comparison.
Total displacements
The Materials and Elliptic MC models have similar behavior of the total displacements, due
to the fact that they have a similar magma chamber shape (Fig.4.5). Elliptic MC model has
a longer b semi - axis and the same a semi - axis (Fig. 3.15).
The maximum total displacement for the Elliptic MC model is located at the right side of
the profile an it is 1.4572 times the displacements obtained for the Reference model. The
minimum total displacement ratio is 1.1375 times the total displacements for the Reference
model and it is located at the magma chamber center.
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The Spherical MC model presents less total displacements than the Reference model, the
total displacements ratio is below Reference model almost everywhere. In the right side, the
total displacement for the Spherical MC model is 1.0374 times the ones obtained for the
Reference model. Whereas near the center of the magma chamber the total displacements
are reduced 0.46 times the Reference model.
Vertical MC model total displacements ratio presents a minimum at the center of the
bay, where the total displacements are reduced 0.017 times respect the Reference total
displacements. In x = 16100m the Vertical MC total displacements are 1.5371 times the
total displacements for the Reference model.
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Fig. 4.5: Total displacements ratio at surface to see the effect of the shape of the magma chamber
in Deception Island.
Vertical displacements
The vertical displacement ratio for the Elliptic MC model (Fig. 4.6) is really similar to
the one obtained for the total displacements ratio. The main difference is that near the
magma chamber center, the Elliptic MC model presents a relative maximum. Thus, the
vertical displacements are 1.14 times the vertical displacements for the Reference model.
The maximum vertical displacement ratio takes place at x = 16100m where the vertical
displacements are a 1.1823 times the Reference model.
The Spherical MC model presents a reduction of the vertical displacements in all the domain.
The maximum reduction is located at the center of the bay and presents a reduction of 0.46
times respect to the Reference model.
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The Vertical MC model is the one that presents the highest reduction in vertical displacement.
It is located at x = 6111m, near the magma chamber center, and presents a reduction of
0.012 times the Reference model.
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Fig. 4.6: Vertical displacements ratio at surface to see the effect of the shape of the magma chamber
in Deception Island
Horizontal displacements
In Fig. 4.7 we can see the effect of the shape of the magma chamber for the horizontal
displacements ratio at the surface of the island. Near the center of the magma chamber,
all the models have 0 horizontal displacements. In Fig. 4.8 it can be seen the minimum
displacements for the studied models to see the effect of shape.
The Elliptic MC model has a similar behavior as the Materials model, having an increase of
the horizontal displacements (Fig. 4.7). The Spherical MC and Vertical MC models present a
reduction of the horizontal displacements in all the surface respect the Reference model.
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Fig. 4.7: Horizontal displacements ratio at surface to see the effect of the shape of the magma
chamber in Deception Island
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Fig. 4.8: Detail of the horizontal displacements at surface to see the effect of the shape in Deception
Island near the center of the magma chamber.
34 Chapter 4 Results
4.1.3 Effect of depth
To study how the magma chamber depth affects the displacements at the surface, we
consider three different depths: 5 km, 7 km and 10 km. The excess of pressure inside
the magma chamber is 10 MPa for all the cases (Table 3.2). 5 km depth MC and 10 km
depth MC models are considered heterogeneous and therefore, compared not only to the
Reference but also to the Materials model, both with magma chamber depths of 7km.
Total displacements
Fig. 4.9 shows the total displacement ratio respect the Reference model. For shallow depths
there is an increase of the total displacements of 1.7854 times the total displacements for
the Reference model in the same point. The 5 km depth MC model presents the minimum
increase of the total displacements at the right side, being 1.05 times the total displacements
for the Reference model.
As expected, the model with the deepest magma chamber, 10 km depth MC, has lower total
displacements almost everywhere, specially near the magma chamber center being 0.722
times the total displacements for the Reference model. Although it is the deepest considered
model, it has an increase in the total displacements around the highest topographic point,
achieving the maximum increase of 1.2755 times the Reference model in the right side.
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Fig. 4.9: Total displacements ratio at surface to see the effect of the depth of the magma chamber
in Deception Island.
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Vertical displacements
As expected the shallow models amplify the vertical displacements and the deep models
reduce the displacements (Fig. 4.10). 5 km depth MC and 10 km depth MC models have
the same vertical displacements as the Reference model around 550 < x < 1000m and
11600 < x < 11900m.
The higher increase for the 5 km depth MC model is 1.7837 times the Reference model
vertical displacements. The maximum reduction for this model is at x = 16100m and it is
of 0.52 times the vertical displacements for the Reference model.
The higher reduction of the vertical displacements for the 10 km depth MC model is of 0.73
times the Reference model near the magma chamber center. The higher increase of for this
model is at x = 16100m and it is 1.4780 times the vertical displacements for the Reference
model.
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Fig. 4.10: Vertical displacements ratio at surface to see the effect of the depth of the magma
chamber in Deception Island.
Horizontal displacements
In Fig. 4.11 we can see the effect of the depth in horizontal displacements ratio at the
surface of the island. Near the magma chamber center the studied models have 0 horizontal
displacements, in Fig. 4.12 it can be seen the location of the 0 horizontal displacements for
the 5 km depth MC and 10 km depth MC models. Having 0 displacements has an effect in
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the computation of the ratio, as it can be seen in Fig. 4.11 where near the magma chamber
the models for the three depths present a pick.
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Fig. 4.11: Horizontal displacements ratio at surface to see the effect of the depth of the magma
chamber in Deception Island.
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Fig. 4.12: Detail of the horizontal displacements at surface to see the effect of the depth of the
magma chamber in Deception Island.
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4.1.4 Effect of pressure
To study the effect of the excess of pressure for the different depths we have considered
three cases, 5 MPa, 10 MPa and 15 MPa, for the three different depths, 5 km, 7 km and
10 km. The models with 10 MPa are studied in 4.1.3 to see the effect of depth in ground
deformation. In this section the 5 MPa and 15 MPa cases for the three depths are studied
to see the effect that they have in the ground deformation of Deception Island.
Total displacements
In Fig. 4.13 we can see the total displacement ratios for the three depths respect the
Reference model. For the different depths and the three pressure the displacements have a
parallel behavior, having the same increase or decrease in the total displacements ratio for
all the three models.
In Fig. 4.13a the effect of the pressure for the shallow models are shown. The shallowest
model with the highest pressure presents an increase of 2.68 times the Reference total
displacements. When considering a pressure of 5 MPa, there is a reduction of the total
displacements for all the points of the island’s surface. The higher reduction takes place at
the right side and it of 0.52 times the Reference model.
The Materials models have a depth of 7 km (Fig. 4.13b), for Materials 5MPa the ground
deformation in all the profile of the island is almost the same, being a reduction of 0.57
times the Reference total displacements.
The most remarkable of the 10 km depth MC models (Fig. 4.13c) is that when a 15 MPa
excess pressure is considered the ground deformation is similar to the one achieved for
Materials model near the magma chamber center. The 10 km depth 15MPa model presents
an increase of 1.0855 times the Reference model whereas the Materials model present an
increase of 1.1051.
Vertical displacements
Following what it has been commented in 4.1.4 the increase of the pressure has an effect
on the surface displacements. The shallowest model with the highest excess pressure is
the one with higher vertical displacements ratio representing an increase of 2.67 times the
Reference model (Fig. 4.14a).
For the Materials 5MPa model the vertical displacements ratio for all the points represents
a reduction of 0.5 times the Reference model (Fig.4.14b).
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Fig. 4.13: a) Total displacements ratio to see the effect of the pressure for a magma chamber
located at 5km. b) Total displacements ratio to see the effect of the pressure for a magma
chamber located at 7km. c) Total displacements ratio to see the effect of the pressure for
a magma chamber located at 10km.
The 10 km depth 15 MPa the surface deformation is similar to the one achieved for the
Materials model around the center of the magma chamber. In the first case there is an
increase of the 1.0830 times the Reference model and in the second case the increase is
of the 1.1063. The 10 km and 15 MPa MC presents the maximum increase of the vertical
displacement ratio, for the three models at 10 km, in the right side of the profile and it is
2.21 times the Reference model.
Horizontal displacements
The horizontal displacements ratio for the three depths are shown in Fig. 4.15. For the
three depths the horizontal displacements ratio presents a peak due to the fact that near the
magma chamber center all the models achieve 0 horizontal displacements, as it is shown in
Fig. 4.16.
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Fig. 4.14: a) Vertical displacements ratio to see the effect of the pressure for a magma chamber
located at 5km. b) Vertical displacements ratio to see the effect of pressure for a magma
chamber located at 7km. c) Vertical displacements ratio to see the effect of pressure for
a magma chamber located at 10km.
In Fig. 4.15a it can be seen the horizontal displacements ratio for the shallow magma
chamber models. It is interesting to notice that 5 km and 5MPa model presents an increase
of the horizontal displacements before and after the magma chamber center respect the
Reference model.
Materials 5MPa and Materials 15MPa present a very uniform horizontal ratio. For the Materi-
als 5MPa model there is a reduction of the 0.46 times the Reference horizontal displacements,
and for the Materials 15MPa there is an increase of the horizontal displacements of 1.35
times the Reference model.
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Fig. 4.15: a) Horizontal displacements ratio to see the effect of the pressure for a magma chamber
located at 5km depth. b) Horizontal displacements ratio to see the effect of the pressure
for a magma chamber located at 7km depth. c) Horizontal displacements ratio to see
the effect of the pressure for a magma chamber located at 10km depth.
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Fig. 4.16: a) Detail of the horizontal displacements at surface to see the effect of pressure for a
magma chamber located at 5 km depth. b) Detail of the horizontal displacements at
surface to see the effect of pressure for a magma chamber located at 7km depth. c) Detail
of the horizontal displacements at surface to see the effect of pressure for a magma
chamber located at 10km depth.
42 Chapter 4 Results
In summary, considering heterogeneous models, the presence of softer materials at surface,
such as the sediment infill of the bay and the ignimbrites, tend to increases the vertical and
the horizontal displacements depending on the stiffness of the considered materials. The
shape of the magma chamber has a clear effect on the displacements at the surface, when
reducing the width of the magma chambers there are lower displacements ar the surface.
It is easy to see that considering deeper reservoirs with the same magma chamber excess
pressure, leads to less displacements at the surface as there is more material above the
reservoir. Following the same reasoning, if the depth is kept constant and the excess
pressure is reduced, the displacements at the surface decrease and if the excess pressure is
increased the displacements at the surface increase.
4.2 3D models
In this section the results of the eight 3D models defined in Table 3.3. Similarly, as for
the 2D models, we have investigated how the magma chamber shape, depth and position
may affect the resultant ground deformation at surface. For each model, radial, vertical
and total displacements have been studied. Results obtained are expressed in centimeters
and the color scale has been kept constant to facilitate the comparison among all models.
Notice that in the case of the 3D models, radial displacement are expressed as:
uradial =
√
ux + uy (4.1)
where ux corresponds to the displacements in the x direction and uy to the displacements
in the y direction. It has been considered z = 0 to be the sea level and z < 0 for all the
points under the sea level. ux > 0 corresponds to the east and uy > 0 to the north.
For all the models, the position of the maximum vertical and total displacement values
correspond to the projection at surface of the magma chamber center. In 3D, the total
displacements at surface reproduce, inplan view, the shape of the considered magma
chamber. In this sense, in an ideal situation of a spherical magma chamber located
below a flat surface, the distribution of the total displacements would show a pattern
concentric to the magma chamber vertical axis. This perfect circular distribution around the
magma chamber axis is notoriously affected by the presence of topography or mechanical
heterogeneities in the media. This can be seen in Fig. 4.21 and Fig. 4.22, where the
displacements are circular near the center of the magma chamber but the circular patterns
gets distorted in topographically higher areas. This phenomenon can also be seen in the
ellipsoid models (e.g Shallow_Ellipsoid) (Fig.4.19). The topography is also visible on the
radial displacements, this effect is clearly shown in Fig.4.20 where the pressure focus is
located in the Telefone bay (Fig. 3.16b) and not in the center of Port Foster as the other
models.
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For the 3D models, the radial displacements are 0, independently of the shape and location
of the reservoir, at the projection at surface of the magma chamber center.
Regarding the effect of the magma chamber depth, we observe how shallow models
present larger displacements, as it can be seen when comparing the Deep_Ellipsoid and
the Shallow_Ellipsoid models (Fig. 4.19 and Fig. 4.18). The effect of the shape of the
magma chamber can be seen for the Shallow_Spherical model (Fig. 4.21), where we are
considering the same pressure and depth than in the Shallow_Ellipsoid model, but we have
less displacements at the surface.
If the magma chamber is located in the center of the bay (all the models except the
Ellipsoid_Telefone_ridge model), the maximum vertical displacements are also in the center
of the bay. This fact difficults registering the displacements with GPS stations. If the magma
chamber has a spherical, or near to spherical, shape and it is located in the center of the
bay, the displacements along the shore are going to be the same.
Fig. 4.17: Radial, vertical and total displacements of the Ellipsoid 3D model. Color scale in
centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S coordinates
(datum WGS84).
Fig. 4.18: Radial, vertical and total displacements of the Deep_Ellipsoid 3D model. Color scale in
centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S coordinates
(datum WGS84).
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Fig. 4.19: Radial, vertical and total displacements of the Shallow_Ellipsoid 3D model. Color scale in
centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S coordinates
(datum WGS84).
Fig. 4.20: Radial, vertical and total displacements of the Ellipsoid_Telefone_ridge 3D model. Color
scale in centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S
coordinates (datum WGS84).
Fig. 4.21: Radial, vertical and total displacements of the Shallow_Spherical 3D model. Color scale in
centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S coordinates
(datum WGS84).
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Fig. 4.22: Radial, vertical and total displacements of the Shallow_Small_Spherical 3D model. Color
scale in centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S
coordinates (datum WGS84).
Fig. 4.23: Radial, vertical and total displacements of the Shallow_Sill 3D model. Color scale in
centimeters. Values along the x-axis and y-axis correspond to UTM Zone 20S coordinates
(datum WGS84).
Fig. 4.24: Radial, vertical and total displacements of the dique 3D model. Color scale in centimeters.
Values along the x-axis and y-axis correspond to UTM Zone 20S coordinates (datum
WGS84).
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The last proposed 3D model consists of a dike located along a fault, as it can be seen in
Fig. 3.18 (Fig. 3.16e). In Fig. 4.24 it can be seen the displacements for this model. As
the shape of this magma chamber is elongated, the displacements at the surface have a
different behavior than for the other models. Near the projection at surface of the magma
chamber center, the total and vertical displacements present a local minimum. The Dike
model presents two maximums, both of 2.5 cm, in the vertical and total displacements.
The radial displacement are zero in the projection of the b axis and present a maximum in
the south part of the bay and a relative maximum in the Kendall Terrace zone.
4.3 GPS data compared with the 3D results
In the present work, the GPS data registered in the second uplift episode (1995-1996
and 1999-2000) is considered. As mentioned before, in the island there are five GPS
stations with registered surface displacements(see Section 2 for more details) (Table 4.1).
In this section, GPS data is compared with the obtained 3D results to see which model is
reproduces better the real situation.
Tab. 4.1: GPS displacements in centimeters represented in Fig. 2.4 and Fig. 2.5 and distance (in
meters) to the magma chamber center of the different GPS.
disp_x disp_y Radial Vertical Ellip MC TR MC Dike MC
BEGC −3.12± 0.23 −5.18± 0.21 6.05± 0.31 7.68± 0.37 3350 4578 4182
BARG −2.72± 0.20 −3.66± 0.20 4.56± 0.28 2.88± 0.31 4214 4745 4574
FUMA −2.99± 0.22 −2.09± 0.22 3.65± 0.31 5.59± 0.34 4635 3667 3947
PEND 5.62± 0.22 3.82± 0.22 6.80± 0.31 6.71± 0.35 2766 3353 2669
BALL 4.28± 0.24 −2.16± 0.24 4.80± 0.34 4.43± 0.38 3720 6663 5709
From Fig. 4.25 to 4.32, we have represented the radial and vertical displacement obtained
at each point of the surface located at a distance d from the magma chamber axis. To see
how the models adapt to the real situation, the vertical and radial displacements measured
at the five GPS stations are also represented in the abovementioned figures. A model that
adapts properly to the real situation has to follow the radial and vertical displacements
for the five GPS stations. Once compared the GPS data with the results obtained for the
different 3D models, it is evident that measured deformation data is inside the range of
values of the radial and vertical displacements for the Shallow_Ellipsoid model almost in
every GPS station. The model does not adapt properly for the vertical displacements at
BEGC (7.68 ± 0.37cm), where the model displacements are around 5.74cm, and FUMA
(5.59± 0.34cm), where the model displacements are around 2.68cm.
There are some models that adapt to the vertical or radial displacements of some of the
GPS points. Is the case of the Ellipsoid model and the Shallow_Sill models, where the
vertical displacements for the PEND, BALL and BARG are inside the range of vertical
displacements obtained for both models. BARG presents a difference of around 2cm
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between the radial and the vertical displacements (Table 4.1), whereas in the Ellipsoid
model the difference in this point is around 1cm. Between the radial displacements of
BARG and the obtained ones for the Ellipsoid model in the same distance from the magma
chamber axis there is a difference of 1.7cm. For the BALL GPS station, the difference
between the registered radial displacements and the obtained for the Ellipsoid model is of
1.6cm. The maximum difference between radial displacements takes place at PEND, where
there is a difference of approximately 3cm between the obtained data and the model but the
vertical displacements obtained form the model adapts to the registered data. The obtained
results for the Shallow_Sill model present a similar behavior to the Ellipsoid model.
The Shallow_Small_Spherical model (Fig.4.30) clearly does not adapt properly to the
real situation, the obtained displacements are lower than the registered displacements in
the GPS stations. For the Shallow_Spherical model the obtained results do not fit to the
registered data, but the vertical and the radial displacements are increased so the difference
between the model and the reality is reduced.
In the case of the Ellipsoid_Telefone_ridge, magma chamber is not centered in the bay,
results obtained are only capable to reproduce the radial displacements registered at FUMA
and with the vertical displacements for BARG GPS point. The BEGC is the point which
presents more difference between the registered displacements and the obtained results
for the Ellipsoid_Telefone_ridge model, the difference is around 3cm for the radial and the
vertical displacements.
Fig. 4.25: Radial and vertical displacements respect the magma chamber center of the Ellipsoid 3D
model and the GPS data registered.
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Fig. 4.26: Radial and vertical displacements respect the magma chamber center of the
Deep_Ellipsoid 3D model and the GPS data registered.
Fig. 4.27: Radial and vertical displacements respect the magma chamber center of the Shal-
low_Ellipsoid 3D model and the GPS data registered.
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Fig. 4.28: Radial and vertical displacements respect the magma chamber center of the Ellip-
soid_Telefone_ridge 3D model and the GPS data registered.
Fig. 4.29: Radial and vertical displacements respect the magma chamber center of the Shal-
low_Spherical 3D model and the GPS data registered.
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Fig. 4.30: Radial and vertical displacements respect the magma chamber center of the Shal-
low_Small_Spherical 3D model and the GPS data registered.
Fig. 4.31: Radial and vertical displacements respect the magma chamber center of the Shallow_Sill
3D model and the GPS data registered.
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Fig. 4.32: Radial and vertical displacements respect the magma chamber center of the Dike 3D
model and the GPS data registered.
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5Discussion
It has been repeatedly demonstrated that numerical models, in this case, forward FE models,
are a powerful tool to shed some light on the possible pressure sources responsible for
the ground deformation signal registered with GPS in active volcanic areas. In Deception
Island, several processes of uplift and downlift have been registered since the establishment
of the geodetic network. A special period of positive ground deformation was experienced
between 1995 and 2000, where recorded radial and vertical displacements have similar
values for the BALL and PEND GPS stations (Table 4.1).
From all the 3D models performed, the one that fits better the real measured displacements
is the Shallow_Ellipsoid model, with most of the registered data for the five GPS points
inside the range of the obtained displacements (Fig. 4.27). This gives us an idea where (in
the x-y plane and in depth) the real magma chamber should be and which pressure might
be inside it. This is not the unique solution and a magma chamber at more depth with
more pressure could give the same ground deformation. The pressure for the 3D models
has been considered the same, but based on the 2D results (4.1.4) we know that if the
pressure is increased, keeping constant the depth, the ground deformation will increase
too.
However, the vertical displacements measured at FUMA and BEGC GPS stations are higher
than the ones calculated with the Shallow_Ellipsoid model. It is important to notice that,
for this period, the vertical displacements registered for the BARG station is smaller than
for the vertical displacements of the neighboring GPS stations, whereas they have similar
radial displacements. The vertical displacements for the FUMA station are 1.94 times the
ones registered for the BARG station. And the ones registered for BEGC are 2.66 times
the vertical displacements for the BARG station. These observations, together with the
knowledge gained with the 2D model Vertical MC (Fig. 4.6), where we observe how the
vertical displacements are reduced in the magma chamber axis, we proposed to study the
effect of a Dike model (parameters defined in Table 3.3). Results obtained indicate that,
indeed, the dike model is able to explain the relative minimum of vertical displacement in
BARG followed by larger vertical displacements in FUMA and BEGC stations. Although, the
proposed model Dike model is able to reproduce the distribution pattern of the radial and
vertical displacements, we do not obtain the exact values, being the calculated ones up to 4
times smaller than the measured ones. This may suggests that inclination, size, depth or
excess internal pressure of the modeled dike have to be adjusted.
The simulated dike fits the characterization of fracture systems proposed by Carmona et
al. where is suggested that during the 1998-1999 period a magmatic intrusion produced a
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change in the local stress field but did not reach the surface. The fracture planes obtained
in Carmona et al. work reveal the active faults in Fumarole Bay. The strikes show that most
of the planes have a NW - SE trend while a few run NE - SW. This strikes are coincident
with fracturing directions listed in other works about the island. Future works should
consider the Dike model as a starting point for new simulations, where in that case, other
parameters, such as dike inclination, size, depth or excess internal have to be adjusted.
An important limitation of the GPS data available for Deception Island is that GPS stations
are apparently at around same distance from the pressure focus. As a consequence, we
are not able to properly and accurately compare our real data with the results of the
simulations. In an ideal case, GPS stations composing a monitoring network should be
distributed at different distances from the center of the magma chamber providing a more
precise and complete set of values for the vertical and radial displacements, like it can
be seen in Fig.5.1. However, due to the particularities of Deception Island, having GPS
stations at different distances from the magma chamber center could be difficult. Due to
the internal bay, Port Foster, in the case the pressure source is located in the center of the
island, we directly miss all information around the axis of the magma chamber since it is
not possible to install GPS in the bay. It could be interesting to have GPS data in Kendall
Terrace or near the glaciers but, most probably, GPS data would not show the ground
deformation due to the pressurization of the magmatic source but more the landsliding in
Kendall Terrace and the movement of the ice in the glaciers. For that reason the best places
to install GPS stations is near the sea shore, even if this leads to the fact that we have all
observation points at the same distance from the center of the magma chamber.
Fig. 5.1: Uplift recorded via levelling versus distance from the inflation centre near Matupit Island
during the period November 1971–March 1984 (Geyer et al. 2009)
It is important to notice that all the presented models in this work are a first approach to
be able to determine the real configuration with inverse modeling. The performed simu-
lations help us to discard some models (like Shallow_Spherical, Shallow_Small_Spherical
or Ellipsoid_Telefone_ridge) and to take into account only the configurations that offer a
better fit to the real ground deformation data. More than one model could fit the GPS
data and this makes it difficult to find the real configuration. In this case we have seen
that the Shallow_Ellipsoid model could be the real situation, but taking into account other
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characteristics of Deception Island, like the fracture systems proposed by Carmona et al.,
we have seen that a dike may also fit the distribution pattern of the displacements. To
study which solution reproduces better the real data, more models should be done taking
into account the gained experience here, changing excess internal pressure, size, depth or
inclination to adjust the models.
Is is also important to notice that in the present work linear elasticity is assumed as
we are simulating geological processes that can be considered as "instantaneous". In
reality, however, the rocks encasing a magmatic reservoir may be affected by high thermal
gradients and numerous microfractures. Therefore, in the future, other rheologies such as
viscoelasticity should be considered. Viscoelastic behavior which brings the applicability of
a static limiting overpressure into disregard due to viscous dissipation of stress acting to
relieve the building pressure and expansion of the reservoir boundaries.
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6Summary and Conclusions
As mentioned before the aim of this work is to evaluate the location, shape and pressure
source responsible for ground deformation recorded in Deception Island during the 1995 -
2000 period using forward Finite Elements linear elastic models and taking into account the
real topography and stratigraphy of the island. Studying ground deformation in volcanoes
can help evaluating a potential occurrence of future eruptions.
We use 2D models to evaluate how the different parameters may affect to ground de-
formation. We have presented 12 models to study the effect of materials, shape, depth
and pressure. It is important to take into account the correct stratigraphy and stiffness of
the materials because they have an effect on ground deformation at the surface. For the
proposed stratigraphy and section of Deception Island we have observed that, although
there is an increase of the displacements everywhere, when considering heterogeneous
models, displacements have less increase in the center of the bay where we have considered
infill sediments and a layer of ignimbrites. Considering different magma chamber shapes
gives different ground deformation. When reducing the width of the magma chambers
there are lower displacements at the surface. The model that presents a more different
ground deformation is Vertical MC, presenting a minimum in the magma chamber axis for
vertical displacements, whereas, the other studied models present maximum values there.
When varying the depth of the magma chamber and keeping constant the excess pressure
inside it is easy to see that deeper reservoirs lead to less displacements at the surface (10
km depth MC model) as there is more material above the reservoir. If depth is kept constant
and the excess pressure is reduced, the displacements at the surface decrease and if the
excess pressure is increased the displacements at the surface increase. The model that
presents more surface displacements is 5 km and 15 MPa due to the fact that is the model
with less depth of the magma chamber and more excess pressure.
For more realistic results and to be able to compare them with the registered data using
GPS during the 1995 - 2000 period eight 3D models are proposed. Following what
it has been done for the 2D models we have investigated how a realistic topography,
stratigraphy and magma chamber shape, depth and position affects ground deformation at
surface of the island. The topography clearly affects the surface displacements generating
distortions in topographically higher areas. Shallow models present larger displacements
at surface (Shallow_Ellipsoid). Ans location of magma chamber has an important effect on
ground deformation when taking into account a real topography, this effect is reflected in
Ellipsoid_Telefone_ridge model.
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Comparing the GPS registered data with the results obtained for the 3D models we can
conclude that the Shallow_Ellipse model is the one that fits better the real situation, but
this may not be the unique solution as not all the displacements of the GPS stations
are inside the obtained range for vertical and radial displacements. This could mean
that the hypothesis of location of the magma chamber is correct but the real situation
could have another excess pressure, size, depth or inclination. More models should be
done to determine if this type of pressure source is responsible of the registered ground
deformation.
As the Shallow_Ellipsoid model does not completely adapt to the vertical and radial dis-
placements registered for the five GPS stations. And the vertical displacements for the
BARG station is smaller than for the neighboring GPS stations. We proposed to study the
effect of a Dike model based on the obtained results of the 2D Vertical MC model. The
simulated dike fits the characterization of fracture systems proposed by Carmona et al.
where is suggested that during the 1998-1999 period a magmatic intrusion produced a
change in the local stress field but did not reach the surface. Although, the proposed Dike
model is able to reproduce the distribution pattern of the radial and vertical displacements,
we do not obtain the exact values, being the calculated ones up to 4 times smaller than the
measured ones. This may suggests that inclination, size, depth or excess internal pressure
of the modeled dike have to be adjusted.
Due to the fact that Deception Island consists of a horse-shoe-shaped composite volcanic
system the GPS data available are apparently around the same distance form the pressure
focus. Having GPS stations at different distances from the magma chamber center could
be difficult in the case of having the pressure source located in the center of the bay
(Shallow_Ellipsoid model).
The models presented here serve to demonstrate that the mechanical properties of the
surrounding host rock , the topography of the area under study and reservoir geometries
measurably affect the resulting pattern of surface displacements around pressurized sources.
The main point to highlight is the strong influence of soft and stiff layers and their
mutual distribution on the amplitude of surface deformation (both vertical and horizontal
displacements), as well as the effect of topography distorting the ground deformation signal
compared to the results expected assuming a flat surface.
This study clearly identifies the need to better quantify mechanical properties of subsurface
lithologies in volcanic areas. The applicability of numerical models to shed light on
subsurface dynamics during volcano deformation appears currently most confined by our
limited knowledge of realistic mechanical properties, the distribution and the possible
time-dependent rheology of crustal rocks. The FE models presented in this work are a
first approach to be able to determine the real configuration with inverse modeling. For
more realistic behavior viscoelasticity should be considered in the simulated models. The
computational time for linear elastic problems is less than the one needed for viscoelastic
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problems. Solving 3D linear elastic problems as a first approach helps us to discard some
models spending less computational time than if viscoelasticity was considered.
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